Abstract-As the rst step toward the 'lab on a chip' or 'cell on a chip' concept, several microbiochemical reactors were fabricated using conventional MEMS (microelectromechanical systems) techniques: silicon anisotropic etching and glass-silicon anodic bonding. The microreactors have main reaction channels which are 14 mm long, 200-800 ¹m wide, and 20 ¹m deep. In these channels, enzymatic reactions -luciferin-luciferase reaction and cell-free mRNA translation -were demonstrated. Luminescence induced by the luciferin-luciferasereaction was observed in two ways, by photograph on a high-speed lm and sensitive video imaging. In both cases, diffusion-based mixing in the microreactors was clearly visualized. In the cell-free protein synthesis experiment, the amount of polyphenylalanine,which was synthesized by translating polyuridylic acid template in the microreactors, was determined using radioisotope assay.
INTRODUCTION
Accompanied by the development of MEMS technology, miniaturization of biochemical systems has attracted considerable attention in recent years [1] . This 'lab on a chip' concept -an attempt to realize the function of a biochemical laboratory on a microchip -aims at the following advantages:
(1) The consumption of reagent and energy will be dramatically reduced because of its small volume, which is proportional to the cube of characteristic length.
¤ To whom correspondence should be addressed. Present address: Surface and Interface Technology Division, Mechanical Engineering Laboratory, AIST / MITI, 1-2, Namiki, Tsukuba, Ibaraki 305-8564, Japan. E-mail: hosokawa.k@mel.go.jp (2) The speed of the experiment will be accelerated when decreasing the distance that the molecules need to travel. Moreover, the processes can be parallelized in some cases. The situation is analogous to that of an integrated circuit in electronics. Although this research eld is immature, there is some pioneering work with notable accomplishment. Harrison et al. [2] demonstrated electro-osmotic pumping followed by electrophoretic separation of amino acids in capillary channels etched on a glass plate. Pease et al.
[3] developed a 1:28 cm £ 1:28 cm array of 256 different DNA probes for genetic analysis. Using photolabile protecting group for solid-phase synthesis, they polymerized the oligonucleotides photolithographically according to the combinatorial synthesis strategy [4] . Anderson et al. [5] integrated DNA target-preparation steps -polymerase chain reaction (PCR), DNA transcription for labeling, and thermal fragmentation -before hybridizing to the probe array described above. Ayliffe et al.
[6] developed a microsystem for studying the behavior of cells in response to various surface chemistries and chemotactant gradients.
Besides the 'lab on a chip' concept, which directs well-characterized reactions, we suppose that there is another possibility: the 'cell on a chip' concept. A living cell is a huge network of thousands of chemical reactions packed in submicron scale. MEMS technology is a promising method to construct such a system arti cially. Realizing all or part of the function of a living cell on a microchip, we could expand our understanding of living things from a synthetic viewpoint, not in the logical world (software) but in the physical world (wetware). So far macroscopic in vitro (cell-free) experiments have clari ed various biological mechanisms. Unlike in vivo (in an organism), in vitro experiments can be performed under precisely and widely controllable conditions, impossible in living organisms. To take a classic example, Nirenberg et al. [7] rst elucidated the genetic code of an amino acid by in vitro translation of an arti cial mRNA, which does not exist in any natural cells. Retaining the full advantage of the in vitro experiment described above, MEMS technology can bring the size of a system close to living cells. On a small scale, so that macromolecules would 'feel' the chamber walls, one might observe essentially different phenomena from large scales. Moreover, connecting many such reaction chambers with each other on a microchip, we would be able to build a densely integrated chemical reaction network. When the network is suf ciently complicated, unpredictable self-organizing behavior would emerge, because biochemical reactions are intrinsically nonlinear. Since the reactions could be spatially localized, such behavior would be observable and provide us with valuable clues to a better understanding of life.
The 'cell on a chip' concept is expected to contribute not only to scienti c studies but also to industrial applications. Firstly, developing processes of such microbiochemical systems would give considerable feed-back to the MEMS technology itself. Introduction of biological materials, such as functional protein molecules, might bring a remarkable breakthrough in microfabrication techniques. For example, viruses and bacterial agella are constructed automatically, or self-assembled,
